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Abstract 
A water resources vulnerability (WRV) assessment is important to maintain water resources safety in a basin. In this 
paper, an index system, including four subsystems -- the hydrological subsystem, the socioeconomic subsystem, the 
eco-environment subsystem and the hydraulic engineering subsystem, is constructed for an integrated WRV 
assessment of the Zhangjiakou region of the Guanting Reservoir Basin, North China. The parametric-system (PS) 
method based on background value is used for the quantitative WRV assessment of each subsystem and of the 
integrated water resources system. The results of the calculations show that the degree of vulnerability of Guanting 
Reservoir Basin is quite serious, with Zhangjiakou City being extremely vulnerable, and Yanqing County and Zhuolu 
County mildly vulnerable. The assessment process and results, as well as the characteristics of the method used, have 
been compared with those of the fuzzy optimization (FO) method and the grey relational analysis (GRA) method. 
The parametric-system (PS) method is appropriate for level classification and rank analysis of many samples in the 
system, with the obvious advantage of employing the simple process of linear calculation for both the assessment and 
reference systems. In practical calculation, multiple methods should be used comprehensively, so as to provide a 
more rational decision-making basis for water resources management. 
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1. Introduction 
Water resources vulnerability (WRV) can be defined as the ease with which a water resources system 
can be damaged by both natural factors and human activity. Once this damage occurs, it is difficult for the 
system to recover to its former status. When this happens, a system’s development cannot be maintained 
long-term by human activity, and its ecological environment cannot be sustained [1]. The higher the 
degree of vulnerability, the harder it is to encourage the sustainable development of a system. As a 
foundation for water safety measurement, the WRV assessment helps to further understand the 
characteristics of a water resources system and provides a scientific decision-making basis for water 
resources management and planning. 
Since the late 1960s, many scholars and water managers around the world have studied the WRV, 
most of them concentrating on groundwater vulnerability [2, 3]. As for the WRV assessment of surface 
water, they have focused only on the water supply and demand balance. Being widely used for ecosystem 
assessment, index methods have often been applied to WRV assessment as well [1]. For example, Tang et 
al. [4] established a system framework for WRV assessment, referring to water supply, demand, and 
management. Based on primary and secondary influencing factors, Sun and Lin [5] established an index 
system to assess groundwater vulnerability. By combining with the analysis results of population increase 
and climate influence forecasts, Wang et al. [6] took runoff per capita and water deficit ratio as indexes to 
analyze the response of WRV to climate changes in different parts of China. These days, with the 
intensification of human activity, water resources problems have become ever more complicated. So it is 
necessary to give more consideration to the WRV caused by human activity, given the seasonal and 
geographic uneven distribution of water resources. If there is to be sustainably integral development in a 
region, it is also important to enhance the joint assessment of surface water and groundwater, water 
quantity and water quality, as well as to improve comparative analyses of water resources conditions 
among cities and counties.  
Many approaches have been developed to assess WRV [1, 2, 7]. Gogu and Dassargues [7] 
comprehensively compared several existing methods for groundwater vulnerability assessment, including 
overlay and index methods, process-based simulation methods, statistical and fuzzy comprehensive 
judgment methods, and so forth. Lin and Chen [2] assessed the groundwater vulnerability of the Songnen 
Plain based on fuzzy mathematic judgment methods. Combining the parametric-system (PS) method with 
the background value, Liu [1] proposed a quantitative method theory for WRV assessment. This theory 
constructed a system, containing the selected representative indexes with the respective weights which 
reflected the relationships between the indexes and WRV. The vulnerability of a region can then be 
determined by comparing the calculated results with those of a similar region where the vulnerability was 
known. This method has the advantage of a simple principle and calculation process and is expected to be 
applied to the actual WRV assessment. 
The Zhangjiakou region is located in the upper reaches of the Guanting Reservoir Basin. As one of the 
most important water sources for Beijing City, the water resources condition of this region is significant 
to the security of the water supply of Beijing. Excessive consumption and pollution of water resources 
have exerted huge pressure on the eco-environment in the Zhangjiakou region and have directly 
influenced the security of the water supply of Beijing. Through analyzing the influencing factors of the 
WRV of this region, Wang et al. [8, 9] constructed an index system to assess both the surface water and 
groundwater, water quantity and water quality, then quantitatively analyzed the regional WRV using the 
fuzzy optimization (FO) method and the grey relational analysis (GRA) method. This paper uses the PS 
method [1] to assess the WRV condition in the Zhangjiakou region and then compares the results with 
those of the FO method and the GRA method. The assessment results provide a scientific decision-
making basis for the sustainable use of the water resource of the Guanting Reservoir Basin. 
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2. Methodology 
2.1. Construction of an index system for WRV assessment 
Two factors account for WRV. One is that the system itself is unstable and sensitive to external 
disturbances and changes. The other is that external disturbances and changes have put great pressure on 
the system [10]. The WRV is therefore the intrinsic and specific vulnerability resulting from the internal 
and external characteristics of the water resources system. The major influencing factors of the intrinsic 
vulnerability (i.e., the structural vulnerability) include mean annual rainfall, net recharge, seasonal and 
geographic distribution of precipitation, transiting water, annual rainfall relative variability, water level, 
evaporation capacity, characteristics of the unsaturated zone, characteristics of the aquifer, topography, 
and geology, among others. The specific vulnerability (i.e., the threats to a vulnerable system) refers to 
the adverse influences on a water resources system that are caused by external environment disturbances, 
the key influencing factors including climate change, land use, water resources exploitation, pollution 
load, water resources management, and social development, among others. Based on the above analyses, 
an index system for WRV assessment was constructed, the principle being that an index should be easily 
obtained and quantitatively calculated and should fully reflect the actual driving forces [11]. The index 
system was multi-layered and multi-objective, including four subsystems -- hydrological, socioeconomic, 
eco-environmental and hydraulic engineering subsystem. Each of the subsystems contains some indexes, 
as shown in Table 1. 
























a1(mm) 387.20 406.40 406.40 409.10 405.70 373.60 456.50 385.80 446.80 468.10 
a2(%) 20.83 27.75 22.71 22.65 14.12 21.90 22.77 18.83 18.30 16.21 
a3(104m3/km2) 4.52 6.84 5.60 6.56 6.50 4.06 7.90 8.27 3.45 17.05 
a4(104m3/km2) 2.58 4.76 3.09 4.80 2.43 2.94 2.95 5.68 1.65 5.92 
a5 3.00 2.42 2.35 2.79 2.05 2.67 2.21 2.19 1.82 1.94 
B 
b1(m3/capita) 68.54 474.45 294.77 458.45 438.82 271.44 667.83 438.90 652.50 1250.00 
b2(m3/104yuan) 198.26 1158.04 1317.14 736.19 412.31 311.41 570.93 464.04 523.04 247.25 
b3(m3/capita) 194.44 336.77 422.60 485.15 193.68 138.14 296.07 372.02 250.80 281.22 
b4(%) 1.49 1.96 9.25 7.81 3.81 12.30 1.85 17.19 6.44 5.97 
b5 0.87 0.98 0.94 0.93 0.96 1.09 1.37 0.96 0.99 1.12 
b6(%) 174.41 67.61 106.64 100.58 48.33 45.46 48.19 86.01 33.69 35.34 
b7(%) 70.00 65.00 68.00 70.00 62.00 60.00 45.00 43.00 41.00 48.00 
C 
c1(%) 76.24 50.94 47.59 59.18 76.83 58.36 71.69 51.00 56.37 90.96 
c2(kg/ha) 180.86 191.40 129.31 90.61 280.19 82.88 362.39 505.88 48.66 1279.16 
c3 3.46 1.13 0.32 2.56 0.40 0.42 0.23 1.47 0.62 1.03 
c4(%) 49.82 50.03 71.39 63.65 61.54 89.99 42.86 0 66.64 37.32 
c5(%) 65.74 63.32 60.37 70.78 63.57 63.82 64.51 62.18 50.38 34.71 
c6(%) 70.00 50.00 65.00 68.00 50.00 55.00 35.00 35.00 30.00 68.00 
D 
d1(%) 61.74 60.77 32.52 58.32 23.83 32.98 47.16 58.28 36.29 69.06 
d2(%) 7.10 52.48 13.79 56.81 39.41 19.77 1.07 159.78 1.06 86.35 
d3(%) 89.64 82.62 76.07 81.47 56.2 78.58 88.00 60.20 75.00 62.90 
Note: A, Hydrological subsystem; B, Socioeconomic subsystem; C, Eco-environmental subsystem; D, Hydraulic engineering 
subsystem; a1, Mean annual rainfall; a2, Annual rainfall relative variability; a3, Water production per km2; a4, Recharge of 
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groundwater per km2; a5, Drought index; b1, Water resources per capita; b2, Water consumption per 104 yuan GDP; b3, Water 
consumption per capita; b4, Water use plan change ratio; b5, Water supply and demand ratio; b6, Water resources development and 
utilization ratio; b7, Repetitive water use ratio of industry; c1, Land development ratio; c2, Fertilizer use intensity; c3, Pollution index 
of surface water; c4, Over extraction ratio of groundwater; c5, Surface ratio of soil erosion; c6, Disposal ratio of sewage; d1, Water-
saving irrigation ratio; d2, Regulating power of hydraulic engineering; d3, Storage and release capacity of reservoir. 
2.2. The PS method for the WRV assessment 
This paper uses the PS method to calculate the vulnerability index, so as to identify the degree of 
WRV. The steps taken with this method are as follows: 
①Establish a reference system. 
A reference system that is compared with the study region can be represented by the median of every 
index, then the index values form reference vectors Ci=(C1, C2,…Cn), where n denotes the number of 
indexes. 
②Calculate the weight of each index ωi based on the AHP method. 
③Compose an assessment system Pi=(P1,P2,…Pn) by the observed index values in the study region. 
④Normalize the values of the assessment system. 
For an index in which a greater value means higher system vulnerability, like annual rainfall relative 
variability, normalization can be done with Eq. (1)： 
 
 Xi=Pi /Ci (1) 
For an index in which a smaller value means lower system vulnerability, like the disposal ratio of 
sewage, normalization can be done with Eq. (2)： 
 
 Xi=Ci /Pi (2) 
⑤Calculate the WRV index with Eq. (3). 
 
 Vi=ωi×Xi (3) 
For the multi-layered index system, Vi in one layer can be seen as Xi of the next layer; then recalculate 
Vi using Eq. (3).  
Finally, the vulnerability indexes of a water resources system can be determined. The greater the value 
of the Vi, the more vulnerable the region. Further, the WRV can be classified into 5 types: no WRV, low 
WRV, median WRV, high WRV, and extreme WRV (Table 2). 
Table 2. Classification criteria of WRV types using the PS method 
Types No WRV (I) Low WRV (II) Median WRV (III) High WRV (IV) Extreme WRV (V) 
Ranges <0.20 0.20～0.70 0.70～1.30 1.30～1.80 >1.80 
3. Case study 
In this paper, the Zhangjiakou region of Guanting Reservoir Basin in North China is selected to assess 
the WRV. The areas concerned are: Zhangjiakou City, Huai’an County, Wanquan County, Xuanhua 
County, Yuxian County, Yangyuan County, Zhuolu County, Huailai County, Chongli County, and 
Yanqing County, with 19.8 thousand km2 accounting for 45% of the area of Guanting Reservoir Basin. In 
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order to compare the assessment results of the PS method with those of the FO method and the GRA 
method, the corresponding data for the Zhangjiakou region of 2005 are chosen as the sampling values. 
See Table 1. 
WRV assessment 
According to a related study [11], the assessment criteria for the five types of WRV indexes are shown 
in Table 3. 
Table 3. Assessment criteria for five types of indexes 
Subsystem Index(Unit) No WRV (I) Low WRV (II) Median WRV (III) High WRV (IV) Extreme WRV (V) 
A 
a1(mm) 1500 1200 800 400 100 
a2(%) 10 20 30 40 50 
a3(104m3/km2) 40 30 20 10 5 
a4(104m3/km2) 80 50 20 10 5 
a5 0.5 1 3 5 7 
B 
b1(m3/capita) 2500 2000 1500 1000 500 
b2(m3/104yuan) 100 350 600 850 1100 
b3(m3/capita) 100 300 500 700 900 
b4(%) 5 15 25 35 45 
b5 1 0.9 0.8 0.7 0.6 
b6(%) 10 30 50 70 90 
b7(%) 80 65 50 35 20 
C 
c1(%) 30 350 65 80 90 
c2(kg/ha) 10 25 280 1000 1500 
c3 0 0.1 0.2 0.5 1 
c4(%) 0 5 35 60 85 
c5(%) 0 10 20 30 40 
c6(%) 90 75 60 45 30 
D 
d1(%) 80 60 40 30 20 
d2(%) 50 40 30 20 10 
d3(%) 80 65 50 40 30 
Taking the medians of the indexes in Table 3 to form the reference system and the actual sampling 
values in Table 1 as the assessment system: First, normalize the assessment system based on Eq. (1) and 
Eq. (2). In this step, a stipulation, shown in Eq. (4) and Eq. (5), is made to avoid the phenomenon that the 
influence of some specific indexes is possibly magnified due to overly great or small values. 
For the index in which a greater value means higher system vulnerability, when Pi≥αCmax, Xi is 
expressed as： 
 
 Xi=αCmax/Ci (4) 
For the index in which a smaller value means higher system vulnerability, when Pi≤αCmin, Xi is 
expressed as： 
 
 Xi=Ci/αCmin (5) 
where α takes 1.3. 
Then the vulnerability indexes, which represent the degree of WRV of each subsystem, are calculated 
using Eq. (3). For the degree of WRV of the integrated water resources system, Vi for each subsystem can 
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be seen as Xi of the layer and then recalculated using Eq. (3). Finally, the vulnerability indexes of the 
hydrological subsystem, socioeconomic subsystem, eco-environment subsystem, hydraulic engineering 
subsystem, and integrated water resources system are derived. 
3.1. Results and discussion 
The WRV assessment results of each subsystem and the integrated water resources system, reflected 
by the vulnerability indexes, are shown in Table 4. 
Table 4. The WRV indexes of each subsystem and the integrated water resources system  
Region A B C D E 
Zhangjiakou City 2.696 2.459 2.775 1.567 2.519 
Huai’an County 2.366 1.593 2.503 0.630 1.966 
Wanquan County 2.884 1.976 1.518 1.419 2.242 
Xuanhua County 2.658 1.710 2.849 0.638 2.181 
Yuxian County 2.633 1.491 1.688 1.361 1.999 
Yangyuan County 3.476 1.555 1.865 1.234 2.396 
Zhuolu County 2.435 1.128 1.327 1.614 1.769 
Huailai County 2.277 1.668 2.650 0.571 1.967 
Chongli County 3.302 1.171 1.931 1.786 2.263 
Yanqing County 1.659 0.799 2.666 0.541 1.423 
Note: A, B, C and D are defined as shown in Table 1; E is the integrated water resources system. 
The degree of WRV of the study region, as shown in Table 5, can be ranked and classified based on 
the assessment results as shown in Table 4 and the classification criteria as shown in Table 2. 
Table 5. The ranks and types of degree of vulnerability  
Region A B C D E 
Rank Type Rank Type Rank Type Rank Type Rank Type 
Zhangjiakou City 4 Ⅴ 1 Ⅴ 2 Ⅴ 3 Ⅳ 1 Ⅴ 
Huai’an County 8 Ⅴ 5 Ⅳ 5 Ⅴ 8 Ⅱ 8 Ⅴ 
Wanquan County 3 Ⅴ 2 Ⅴ 9 Ⅳ 4 Ⅳ 4 Ⅴ 
Xuanhua County 5 Ⅴ 3 Ⅳ 1 Ⅴ 7 Ⅱ 5 Ⅴ 
Yuxian County 6 Ⅴ 7 Ⅳ 8 Ⅳ 5 Ⅳ 6 Ⅴ 
Yangyuan County 1 Ⅴ 6 Ⅳ 7 Ⅴ 6 Ⅲ 2 Ⅴ 
Zhuolu County 7 Ⅴ 9 Ⅲ 10 Ⅳ 2 Ⅳ 9 Ⅳ 
Huailai County 9 Ⅴ 4 Ⅳ 4 Ⅴ 9 Ⅱ 7 Ⅴ 
Chongli County 2 Ⅴ 8 Ⅲ 6 Ⅴ 1 Ⅳ 3 Ⅴ 
Yanqing County 10 Ⅳ 10 Ⅲ 3 Ⅴ 10 Ⅱ 10 Ⅳ 
As we can see from Table 5, the degrees of vulnerability of the hydrological subsystem, 
socioeconomic subsystem, eco-environment subsystem and hydraulic engineering subsystem of 
Zhangjiakou City are all very high, leading to its highest WRV of the integrated water resources system 
among counties. Conversely, the WRV degree of Yanqing County is the lowest for the hydrological 
subsystem, socioeconomic subsystem and hydraulic engineering subsystem, so the WRV is relatively low 
here, meaning that the water security situation of Yanqing County is much better than that of other areas 
in the Zhangjiakou region. Meanwhile, mean annual rainfall and water resources per capita of Zhuolu 
County are higher than those of the other counties, so the WRV here is relatively low and the water 
security situation is second only to that of Yanqing County. The assessment results here are consistent 
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with the actual situation of water resources in the Zhangjiakou region, which shows that the PS method 
can be well used for the quantitative assessment of regional WRV. 
A comparison of the vulnerability degree ranking between the FO method and the PS method is shown 
in Table 6 and indicates that 8 regions are at the identical ranking. Not identical are Chongli County and 
Yangyuan County. The former ranks eighth using the FO method and third using the PS method, and the 
latter ranks fourth using the FO method and second using the PS method, meaning that the PS method 
evaluation results of the vulnerability indexes for the two regions are higher than those based on the FO 
method. The main reason for this is that this study dealt linearly with the relationship between the 
assessment system and the reference system, and distorted results can be generated when some special 
indexes exceed a certain limit. 
Table 6. Results comparison between the FO method and the PS method for the integrated water resources system  
Vulnerability degree rank The FO method The PS method 
1 Zhanjiakou County Zhanjiakou County 
2 Wanquan County ★Yangyuan County 
3 Xuanhua County ★Chongli County 
4 ★Yangyuan County Wanquan County 
5 Yuxian County Xuanhua County 
6 Huai’an County Yuxian County 
7 Huailai County Huailai County 
8 ★Chongli County Huai’an County 
9 Zhuolu County Zhuolu County 
10 Yanqing County Yanqing County 
Note: the regions marked ★ have different ranks for the two methods. 
The results comparison between the PS method and the GRA method is shown in Table 7. There are 
13 sets of the 50 results being identical, and 32 sets of results derived by the PS method being higher by 1 
to 2 ranks than those using the GRA method. This tells us that the vulnerability indexes derived using the 
PS method are generally higher than those derived using the GRA method. 






















A PS ●●●●● ●●●●● ●●●●● ●●●●● ●●●●● ●●●●● ●●●●● ●●●●● ●●●●● ●●●● 
GRA ●●●● ●●●● ●●●● ●●●● ●●●● ●●●● ●●●● ●●●● ●●●● ●●● 
B PS ●●●●● ●●●● ●●●●● ●●●● ●●●● ●●●● ●●● ●●●● ●●● ●●● 
GRA ●●●●● ●●●●● ●●●●● ●●●●● ●● ● ● ●●●●● ●● ● 
C PS ●●●●● ●●●●● ●●●● ●●●●● ●●●● ●●●●● ●●●● ●●●●● ●●●●● ●●●●● 
GRA ●●●●● ●●●●● ●●● ●●●●● ●●●● ●●●● ●●● ●● ●●●● ●●●●● 
D PS ●●●● ●● ●●●● ●● ●●●● ●●● ●●●● ●● ●●●● ●● 
GRA ●● ●● ●●●● ●● ●●●●● ●●●● ●●● ●● ●●● ● 
E PS ●●●●● ●●●●● ●●●●● ●●●●● ●●●●● ●●●●● ●●●● ●●●●● ●●●●● ●●●● 
GRA ●●●●● ●●●● ●●●● ●●●● ●●●● ●●●● ●●●● ●●●● ●●●● ●●● 
Note: the number of “●” represents the WRV type to which the regions belong; more “●” means higher degree of vulnerability.  
Based on the calculation process and results using the three methods, the application characteristics of 
the three methods are obtained as follows: (1) the FO method can be well applied to rank the degree of 
vulnerability for different regions; the GRA method is suitable for qualitative level classification; (2) the 
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PS method can be applied to level classification and rank analysis of many samples in the system by 
using a given value of a region or a given criterion as a reference (e.g., this study uses the median WRV 
of every index). This method has the advantage of a simple principle and simple linear calculation for 
both the assessment and reference systems. However, because it can easily generate distorted results by 
magnifying the influence of specific indexes, the resulting WRV indexes are higher than those using the 
other two methods. In practical calculation, multiple methods and the actual conditions of the study 
region should be considered comprehensively to verify results. 
4. Conclusions 
This study analyzes the factors influencing WRV and then constructed an index system including four 
subsystems -- the hydrological subsystem, socioeconomic subsystem, eco-environment subsystem and 
hydraulic engineering subsystem -- to assess the integrated WRV of the Zhangjiakou region of Guanting 
Reservoir Basin, North China. On this basis, the PS method is used to assess the WRV of each subsystem 
and of the integrated water resources system. 
The main research conclusions are as follows: the FO method can be applied to rank analysis, and the 
GRA method is suitable for qualitative level classification, while the PS method is appropriate in both 
conditions, with the obvious advantage of simple linear calculation for both the assessment and reference 
systems. However, the PS method easily generates distorted results by magnifying the influence of 
specific indexes. In practical calculation, multiple methods should be used comprehensively, so as to 
provide a more rational decision-making basis for water resources management. 
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